Slack (Slo2.2) is a sodium-activated potassium channel that regulates neuronal firing activities and patterns. Previous studies identified Slack in sensory neurons, but its contribution to acute and chronic pain in vivo remains elusive. Here we generated global and sensory neuron-specific Slack mutant mice and analyzed their behavior in various animal models of pain. Global ablation of Slack led to increased hypersensitivity in models of neuropathic pain, whereas the behavior in models of inflammatory and acute nociceptive pain was normal. Neuropathic pain behaviors were also exaggerated after ablation of Slack selectively in sensory neurons. Notably, the Slack opener loxapine ameliorated persisting neuropathic pain behaviors. In conclusion, Slack selectively controls the sensory input in neuropathic pain states, suggesting that modulating its activity might represent a novel strategy for management of neuropathic pain.
Introduction
Painful stimuli are detected by sensory neurons whose cell somata are located in dorsal root ganglia (DRGs) and trigeminal ganglia. Upon activation, they conduct nociceptive sensory information from peripheral sites to the dorsal horn of the spinal cord, where they form synapses with spinal neurons (Basbaum et al., 2009; Schmidtko et al., 2009 ). Lesions to sensory neurons can result in neuropathic pain, a major public health problem that affects 7-10% of the general population (van Hecke et al., 2014) . In fact, neuropathic pain often remains refractory to treatment, with only one-third to two-thirds of patients reporting adequate pain relief (O'Connor and Dworkin, 2009; Finnerup et al., 2010) . The limited treatment success reflects our incomplete understanding of the molecular pathophysiology underlying neuropathic pain processing.
Neuropathic lesions are linked to enhanced excitability of sensory neurons. This excitability is driven by altered expression and activity of ion channels (Raouf et al., 2010; Waxman and Zamponi, 2014) . K ϩ channels, the most populous and diverse class of neuronal ion channels, are governed by some 78 genes in humans (for review, see Tsantoulas and McMahon, 2014) . Based on structural and physiological characteristics, K ϩ channels are classically organized into voltage-gated, two-pore, inwardly rectifying, and Ca 2ϩ -activated channels. Slack channels ("sequence like a Ca 2ϩ -activated K ϩ " channel; also termed Slo2.2) belong to the Ca 2ϩ -activated K ϩ channel family, but it has been shown that they are activated by intracellular Na ϩ rather than Ca 2ϩ (Bhattacharjee and Kaczmarek, 2005; Zhang et al., 2010; Kaczmarek, 2013) . They may control bursting and adaptation of action potential (AP) firing rates (Sanchez-Vives et al., 2000; Franceschetti et al., 2003; Wallén et al., 2007) , thereby reducing neuronal activity (Nuwer et al., 2010) . Interestingly, Slack channels have been recently detected in sensory neurons, and electrophysiological studies point to a role of Slack channels in pain processing (Tamsett et al., 2009; Nuwer et al., 2010; Huang et al., 2013) . However, the in vivo relevance of Slack channels for acute and chronic pain remained elusive, particularly due to the requirement for high concentrations of intracellular Na ϩ and additional factors to activate Slack channels (Tamsett et al., 2009) . Using mice with an ablation of Slack globally and in sensory neurons, this study sought to elucidate the relevance of Slack channels during pain processing in vivo. Our data suggest that Slack channels play an essential role as modulators of neuropathic pain processing.
Materials and Methods
Animals. Slack-deficient (Slack Ϫ/Ϫ ) mice were generated by homologous recombination in combination with a common Cre/loxP-based strategy in murine embryonic stem (ES) cells. In brief, we used a targeting vector that included exons 5-15 of the murine Kcnt1 gene. Exon 11, which encodes for the pore region, was flanked by a single 3Ј-loxP site and a floxed neo/tk cassette at the 5Ј region (Fig. 1A) . Correctly targeted L3/ϩ ES cells were identified by Southern blot analyses (Fig. 1B) and were transiently transfected with a Cre recombinase expression vector permitting limited excision of the selection cassette. Recombination resulted in ganciclovir-resistant Slack L2/ϩ ES cells with the pore-forming exon flanked by two loxP sites (Fig. 1A) . Recombined Slack L2/ϩ ES cells were injected into C57BL/6 blastocysts. Chimeric male mice resulting from these injections were mated to C57BL/6 females once they reached maturity. Heterozygous Slack L2/ϩ offspring were subsequently crossed to Cre deleter mice (Schwenk et al., 1995) to generate the Slack L1/ϩ mouse line. The Slack L1/ϩ and Slack L2/ϩ mouse lines were backcrossed for Ն6 generations to the C57BL/6N background before subsequent analyses. Homozygous Slack ϩ/ϩ (WT) and Slack L1/L1 (Slack Ϫ/Ϫ ) progenies, which derived from interbreeding of heterozygous Slack L1/ϩ parental mice, were used for the biochemical and behavioral characterization. Genotyping was performed routinely by PCR on genomic DNA isolated from tail-tip biopsies using specific primer sets for the WT and different mutant Kcnt1 alleles (Fig. 1C,D) .
Tissue-specific Slack mutants (SNS-Slack Ϫ/Ϫ ) were generated by crossing double transgenic mice that carried a heterozygous ablation of the Slack pore-forming region (L1/ϩ) together with a sensory neuron-specific (SNS) Cre recombinase under control of the Nav1.8 promoter (Agarwal et al., 2004) ). Specific primer sets for the different Kcnt1 alleles and the Cre transgene were used on tail-tip DNA for genotyping.
Experiments were performed in 6 -12-weekold mice of either sex on a C57BL/6 background. Animals were housed on a 12 h light/dark cycle with access to food and water ad libitum. All experiments adhered to the guidelines of the International Association for the Study of Pain and to the ARRIVE (Animal Research: Reporting on In Vivo Experiments) guidelines, and were approved by our local Ethics Committee for Animal Research (Regierungspräsidium Darmstadt, Regierungspräsidium Tübingen, and Landesamt für Natur, Umwelt und Verbraucherschutz NRW, Germany).
Behavioral testing. Littermate mice were used in all behavioral studies. Animals were habituated to the experimental room and were Figure 1 . Genetic ablation of the pore-forming exon of the murine Kcnt1 gene in ES cells. A, Murine WT Kcnt1 locus with exon 11 encoding the pore (P, red box) and surrounding exons 5-19 (black boxes) including relevant restriction sites (top). In ES cells, a single loxP recombination site (triangle) and a floxed neo/tk-cassette were introduced into the 3Ј-intronic and 5Ј-intronic regions flanking exon 11 (P) by homologous recombination resulting in the Slack L3-allele. L2 ES cells with floxed pore exons were generated by Cre recombinase-mediated excision of the selection cassette. L2 ES cells were injected into C57BL/6 blastocysts to obtain the L2/ϩ mouse line as described in Materials and Methods. Germline excision of the pore exon (L1) was conducted in mice by crossing Slack L2/ϩ animals to the Cre deleter mouse strain. Selected probes, restriction sites, and fragment sizes for the identification of the correct L3, L2, and L1 alleles by Southern blot in ES cells are shown. B, Verification of correct homologous and Cre recombination in ES cells by Southern blot analyses using the different probes. C, Representative example of a genotyping PCR using genomic DNA from mouse tail-tip biopsies as templates. D, The absence of the pore-forming exon was further verified by reverse transcription PCR analyses on total RNA isolated from cerebral cortex of Slack Ϫ/Ϫ mice using a pore exon-specific primer pair.
investigated by an observer blinded for the genotype and treatment of the animals. Rotarod test. Motor coordination was assessed with a rotarod treadmill for mice (Ugo Basile) at a constant rotating speed of 13 rpm. All mice had Ն2 training sessions before the day of the experiment. The fall-off latency was averaged from two tests and the cutoff time was 120 s.
Dynamic plantar test. Paw-withdrawal latency after light mechanical stimulation was measured using a dynamic plantar aesthesiometer (Ugo Basile). This device pushes a thin probe (0.5 mm diameter) with increasing force through a wire-gated floor against the plantar surface of the paw from beneath. When the animal withdraws the paw, the device automatically stops and records the latency time, which is the time from when the probe touched the paw to when the animal withdrew the paw. The force increased from 0 to 5 g within 10 s (0.5 g/s ramp) and was then held at 5 g for an additional 10 s (Schmidtko et al., 2008; Lu et al., 2014) . The latency was calculated as the average of 4 -6 consecutive exposures with Ն20 s in between.
Randall-Selitto test. Nociceptive thresholds to noxious mechanical stimuli were determined using a Randall-Selitto digital pressure instrument (IITC Life Science). Mice were placed in a sling, and the probe was applied in the proximal part of the tail. The tail was gradually compressed until an escape response was elicited (Anseloni et al., 2003) . The terminal pressure at the moment of escape response was recorded. Only one test per animal was performed.
Tail-flick test. Mice were placed in a plantar test instrument (Hargreaves method, IITC Life Science) and the radiant heat stimulus (intensity, 13%; cutoff time, 20 s) was aimed at the tail (ϳ2 cm from the tip). The tail-flick latency was calculated as the mean of three measurements with Ն5 min in between.
Hot plate and cold plate test. Mice were placed on a heated or cooled metal surface (Hot/Cold Plate, Ugo Basile). In the hot plate test, the time between placement and a nociceptive behavior (shaking or licking of a hindpaw, jumping) was recorded. Temperatures of 50, 52, and 54°C were applied with cutoff times of 40, 30, and 20 s. In the cold plate test (0°C), the time between placement and a nociceptive behavior was recorded, and the number of times the hindpaw lifted in 5 min was counted. Only one test per animal was performed.
Spared nerve injury-induced neuropathic pain. Under isoflurane anesthesia, the tibial and common peroneal branches of the sciatic nerve were ligated and sectioned distally, while the sural nerve was left intact (Decosterd and Woolf, 2000; Bourquin et al., 2006) . Mechanical hypersensitivity at the lateral surface of the hindpaw (sural nerve skin area) was determined using the dynamic plantar test.
Paclitaxel-induced neuropathic pain. Paclitaxel (Sigma-Aldrich) was dissolved at a concentration of 6 mg/ml in a vehicle composed of 50% Cremophor EL (Fluka Chemie) and 50% absolute ethanol. The final concentration of 1 g in 1 l was prepared in sterile saline at the time of injection and injected intraperitoneally at 2 mg/kg once per day for 5 consecutive days (Nieto et al., 2008) . The mechanical hypersensitivity was measured using the dynamic plantar test.
Formalin test. Formalin (15 l of a 0.5% formaldehyde solution) was injected subcutaneously into the dorsal surface of one hindpaw (Hunskaar et al., 1985; McNamara et al., 2007) . The time spent licking the formalin-injected paw was recorded in 5 min intervals up to 45 min after formalin injection.
Zymosan-induced inflammatory pain. A zymosan A suspension (20 l, 5 mg/ml in 0.1 M PBS, pH 7.4; Sigma-Aldrich) was injected into the plantar subcutaneous space of a hindpaw (Meller and Gebhart, 1997) and the mechanical hypersensitivity was measured using the dynamic plantar test.
Drug administration. ␤-Nicotinamide adenine dinucleotide (NAD ϩ ), loxapine, olanzapine, pregabalin, and niclosamide (all were dissolved in 0.9% saline; Sigma-Aldrich) were administered 14 d after spared nerve injury (SNI) or 3 h after zymosan injection. Intrathecal delivery of NAD ϩ was performed by direct lumbar puncture in awake, conscious mice as described in detail previously (Lu and Schmidtko, 2013) .
Immunohistochemistry. Mice were killed by CO 2 and immediately perfused intracardially with 0.9% saline, followed by 1% paraformaldehyde in PBS, pH 7.4. The lumbar spinal cord (L4-L5) and DRGs (L4-L5) were dissected and cryoprotected in 20% sucrose overnight. Tissues were frozen in tissue freezing medium (Leica) on dry ice, cryostat sectioned at a thickness of 16 m, and stored at Ϫ80°C. For immunofluorescence, sections were permeabilized for 5 min in PBST (0.1% Triton X-100 in PBS), blocked for 1 h using 10% normal goat serum and 3% bovine serum albumin (BSA) in PBS, and incubated with primary antibodies diluted in 3% BSA in PBS overnight at 4°C or for 2 h at room temperature. The following antibodies were used: mouse anti-slo2.2 (1:400; NeuroMab), rabbit anti-calcitonin gene-related peptide (anti-CGRP; 1:800; Calbiochem), mouse anti-NF200 (clone N52; 1:1000; SigmaAldrich), and rabbit anti-Nav1.8 (1:150; Alomone Labs). Sections were then washed in PBS and stained with secondary antibodies conjugated with Alexa Fluor 488 or 555 (Invitrogen). For staining with Griffonia simplicifolia isolectin B4 (IB4), sections were incubated with Alexa Fluor 488-conjugated IB4 (10 g/ml in PBS buffer containing 1 mM CaCl 2 ⅐ 2H 2 O, 1 mM MgCl 2 , 1 mM MnCl 2 , and 0.2% Triton X-100, pH 7.4; Invitrogen) for 2 h at room temperature. After immunostaining, slides were immersed for 5 min in 0.06% Sudan black B (in 70% ethanol) to reduce lipofuscin-like autofluorescence (Schmidtko et al., 2008) , washed in PBS, and coverslipped. In double-labeling experiments, primary antibodies were consecutively incubated. Images were taken using an Axio Observer.Z1 microscope (Carl Zeiss) or an Eclipse Ni-U (Nikon) microscope equipped with a monochrome CCD camera, and were pseudocolored and superimposed. Adjustment of brightness and contrast was done using Adobe Photoshop CS software (Adobe Systems). Controls were performed by omitting the first and/or the second primary antibodies and by incubating tissues of Slack Ϫ/Ϫ mice. Real-time reverse transcription PCR. Lumbar DRGs (L4-L5) were rapidly dissected and snap frozen in liquid nitrogen and stored at Ϫ80°C. Total RNA was extracted under RNase-free conditions using a RNA isolation Kit (RNAqueous Micro Kit, Ambion) according to the manufacturer's instructions, DNase treated for 15 min to minimize genomic DNA contamination, and quantified with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). cDNA was synthesized from 200 ng of RNA, random hexamer primers, RT-Enhancer, and the Verso enzyme of the Verso Kit (Thermo Fisher Scientific). Real-time reverse transcription PCR was performed on a 7500 Fast Real-Time PCR System (Applied Biosystems) using Taqman gene expression assays for Kcnma1 (catalog #Mm01119505_m1), Kcnt2 (catalog #Mm01284549_m1), and GAPDH (catalog #Mm99999915_g1), purchased from Applied Biosystems. Reactions (total volume, 10 l) were performed in duplicate or triplicate by incubating at 95°C for 10 min, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. Water controls were included to ensure specificity. Relative expression of target gene levels was determined using the comparative 2
Ϫ⌬⌬Ct method, with Ct indicating the cycle number at which the signal of the PCR product crosses an arbitrary threshold set within the exponential phase of the PCR. The amount of sample RNA was normalized to GAPDH.
Western blots. Lumbar DRGs (L4-L5), lumbar spinal cord (L4-L5), and brain were rapidly dissected, frozen in liquid nitrogen, and stored at Ϫ80°C until use. Samples were homogenized in buffer containing 100 mM Tris-HCl and 1 mM MgCl 2 , pH 8.0, combined with a protease inhibitor mixture (Mini Tablets, Thermo Scientific). Following freezing at Ϫ80°C for 30 min, samples were homogenized again. After adding a sixfold volume of sucrose buffer (250 mM sucrose, 10 mM Tris-HCl, pH 7.4, combined with protease inhibitor mixture), the samples were mixed and centrifuged at 1000 ϫ g for 20 min. The supernatant was collected and centrifuged at 20,000 ϫ g for 20 min, and the resulting pellets were resuspended in sucrose buffer. Extracted proteins (30 g/lane) were separated by SDS-PAGE and blotted onto a nitrocellulose membrane. After blocking of nonspecific binding sites with blocking buffer (PBS with 3% low-fat milk), membranes were incubated with mouse anti-slo2.2 (1:500; NeuroMab), or mouse anti-GAPDH (1:2000; Ambion) dissolved in blocking buffer containing 0.1% Tween 20 overnight at 4°C. After incubation with secondary antibodies for 1 h at room temperature, proteins were detected using an Odyssey Infrared Imaging System or a C-DiGit blot scanner (LI-COR Bioscience).
Patch-clamp recordings. Adult WT and Slack Ϫ/Ϫ mice (n ϭ 4 per genotype) were killed by CO 2 inhalation, and DRGs from all levels were excised and transferred to DMEM containing 50 g/ml gentamicin (Sigma-Aldrich). Following treatment with 1 mg/ml collagenase and 0.1 mg/ml protease for 30 min (both from Sigma-Aldrich), ganglia were dissociated using a fire-polished, silicone-coated Pasteur pipette. Isolated cells were transferred onto poly-D-lysine-coated (200 g/ml, Sigma-Aldrich) coverslips and cultured in TNB 100 medium supplemented with TNB 100 lipid protein complex, 100 g/ml streptomycin, and penicillin (all from Biochrom) at 37°C and 5% CO 2 . Cells were used for experiments within 24 h after plating. Whole-cell voltage and current-clamp recordings were conducted with a HEKA Electronics USB 10 amplifier combined with Patchmaster software (HEKA Electronics). Currents were filtered at 5 kHz and sampled at 20 kHz. Offline analyses were performed using the Fitmaster software (HEKA Electronics) and Origin software. For both voltage-clamp and current recordings the pipette solution contained 140 mM KCl, 2 mM MgCl 2 , 5 mM EGTA, and 10 mM HEPES, pH 7.4, and was adjusted with KOH. The external solution contained 140 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 and 10 mM HEPES. For Na ϩ -free extracellular solution, NaCl was replaced with 140 mM choline chloride. The osmolarity of all solutions was adjusted with glucose to 290 -300 mOsmol/L. Patch pipettes were fabricated with borosilicate glass (Science Products) using a conventional puller (DMZUniversal Puller, Zeitz Instrumente) and heat-polished to give a pipette resistance of 2-3 M⍀. Only DRG neurons with a resting membrane potential of ϽϪ40 mV and generating reproducible APs upon 20-mslong current injections at 2-3 times the determined threshold were used. The resting membrane potential did not differ between the two genotypes (data not shown). Shortly before a coverslip was mounted for recordings, it was dipped in extracellular solution containing 10 g/ml FITC-conjugated IB4 (Sigma-Aldrich) for 5-10 min, and only IB4-binding DRG neurons were analyzed.
Statistical analysis. Statistical analysis was performed with SPSS and GraphPad Prism software using the two-tailed Student's t test for paired comparisons and one-way or two-way repeated-measures ANOVA for multiple comparisons. When ANOVA showed significant difference, pairwise comparisons between means were analyzed with the Bonferroni's or Dunnett's post hoc test. Data from patch-clamp recordings were analyzed using 2 test and unpaired t test. Rotarod fall-off latencies were analyzed with Mann-Whitney U test and are expressed as median and interquartile range. All other data are presented as the mean Ϯ SEM. For all tests, a probability value p Ͻ 0.05 was considered as statistically significant.
Results
Slack channels are predominantly expressed in nonpeptidergic sensory neurons We generated Slack Ϫ/Ϫ mice by homologous recombination in murine embryonic stem cells in combination with a common Cre/loxP-based strategy. The pore-forming exon 11 of the murine Kcnt1 gene was flanked by two loxP sites (Fig. 1A) , and the resulting mice bearing the floxed Kcnt1 gene were crossed to Cre deleter mice (Schwenk et al., 1995) to obtain global Slack Ϫ/Ϫ mice. Correct homologous and Cre-mediated recombination was verified by Southern blot, PCR, and mRNA expression analyses (Fig. 1B-D) . Slack Ϫ/Ϫ mice were fertile and showed no gross anatomical or behavioral defects. The mRNA expression levels of large conductance calcium-activated potassium (BK Ca ) channels and Slick potassium channels,whichhavebeenreportedtointeract with Slack channels (Joiner et al., 1998; Chen et al., 2009) , were similar in Slack Ϫ/Ϫ and WT mice, as were the overall frequencies of DRG neuron populations positive for markers of sensory neurons (n ϭ 3/genotype; data not shown).
We examined the Slack distribution in DRGs using an anti-Slack antibody whose immunoreactivity was absent in Slack Ϫ/Ϫ mice ( Fig. 2 A, B) , and observed that 31.6% of DRG neurons in WT mice expressed Slack. The detailed Slack distribution in DRGs was investigated by double-labeling experiments with established markers. We found that 86.5% of Slack-positive cells bound the lectin IB4, a marker of the nonpeptidergic population of unmyelinated nociceptors, whereas 93.2% of IB4-positive cells expressed Slack (Fig. 2C,E) . A population (12.6%) of Slack-positive cells was immunoreactive for CGRP, a marker of peptidergic unmyelinated nociceptors (Fig. 2 D, E) . In accordance to these double-labeling experiments, cell size analyses revealed that Slack is mostly expressed in nociceptive smalldiameter to medium-diameter DRG neurons (Fig. 2F ). In the spinal cord, Slack immunoreactivity was concentrated in the superficial dorsal horn (Fig. 3A) and the specificity of anti-Slack antibody was further confirmed by Western blot analyses with spinal cord protein extracts (Fig. 3B) . Double-labeling revealed a high degree of Slack colocalization with central terminals of IB4-positive sensory neurons in lamina II (Fig. 3C) . Hence, our re- Ϫ/Ϫ (n ϭ 16) DRG neurons monitoring outward K ϩ currents in presence of 140 mM NaCl (black traces) and after replacement of NaCl with 140 mM choline chloride (red traces). Currents were elicited by protocols consisting of 1000-ms-long test pulses ranging from Ϫ80 to ϩ110 mV in steps of 10 mV. Holding potential was Ϫ70 mV. All neurons were first recorded in presence of NaCl. To visualize the K Na current, the current traces obtained with 140 mM NaCl and 140 mM choline chloride were digitally subtracted and depicted as green traces. Please note that the absence of extracellular Na ϩ was verified by the lack of Na ϩ inward currents (red traces). C, Representative current traces from whole-cell current-clamp recordings on IB4-positive WT (n ϭ 21) and Slack Ϫ/Ϫ (n ϭ 22) DRG neurons. APs were elicited by 1000 ms current injections corresponding to 2-3 times the threshold of a single AP. Pictured are three observed patterns of AP firing during the current injection, i.e., no accommodation (left), accommodation (middle), and strong accommodation without repetitive firing (right). D, Percentage of DRG neurons from WT and Slack Ϫ/Ϫ mice generating outward K ϩ currents (K Na ). E, Mean K Na current amplitudes in DRG neurons from WT (n ϭ 8) and Slack Ϫ/Ϫ (n ϭ 2) mice. sults indicate that Slack channels are predominately expressed in IB4-positive nonpeptidergic nociceptors and their central terminals in the dorsal horn of the spinal cord, pointing to a contribution of Slack channels to the processing of pain.
Slack channels generate sodium-activated potassium currents and regulate AP firing in sensory neurons
Previous reports suggest that Slack is important for generating sodium-activated potassium (K Na ) currents and thus for the excitability of sensory neurons (Nuwer et al., 2010) . To examine the functional role of Slack for the generation of K Na in sensory neurons, we performed whole-cell voltage-clamp recordings on IB4-positive DRG neurons of adult Slack Ϫ/Ϫ and WT mice. At a holding potential of Ϫ70 mV, series of 1000-ms-long test pulses ranging from Ϫ80 to ϩ110 mV in intervals of 10 mV were applied in presence of 140 mM extracellular NaCl and after replacement of NaCl with 140 mM choline chloride (i.e., Na ϩ -free; Fig.  4A ). This removal of extracellular Na ϩ resulted in a prominent reduction of the peak amplitude of total outward K ϩ currents (I K ) in 8 of 17 (47%) recorded WT DRG neurons, but only in 2 of 16 (13%) DRG neurons from Slack Ϫ/Ϫ mice ( p ϭ 0.031, 2 test; Fig. 4D ). In these DRG neurons, digital subtraction of the total currents recorded in 140 mM choline chloride from the currents obtained in 140 mM NaCl revealed a large Na ϩ -activated K ϩ current (WT, 7 Ϯ 1 nA, n ϭ 8; Slack Ϫ/Ϫ , 2 Ϯ 1 nA, n ϭ 2; p ϭ 0.029, unpaired t test; Fig. 4E ). In DRG neurons in which removal of extracellular Na ϩ did not result in a marked reduction of the total K ϩ current (WT, 53%; Slack Ϫ/Ϫ , 87%), the same digital subtraction more or less resulted in the isolation of voltage-gated Na ϩ currents without any prominent outward currents (Fig. 4B) . We next sought to determine whether the deficiency of Slack changed the excitability of DRG neurons. For that purpose, we monitored the pattern of AP firing during 1000-ms-long stepcurrent injections corresponding to 2-3-fold of the threshold for firing a single AP. As shown in Figure 4C , we observed three different patterns of AP firing in DRG neurons from WT and Slack Ϫ/Ϫ mice. While only 14% (3 of 21) of WT DRG neurons produced APs throughout the current injection (i.e., no accommodation), 45% (10 of 22) of the investigated neurons from Slack Ϫ/Ϫ mice produced APs without a prominent accommodation ( p ϭ 0.026, 2 test; Fig. 4F ). A similar fraction of neurons from both genotypes produced APs that accommodated during the current injection, resulting in Ն2 APs (WT, 38%, 8 of 21; Slack Ϫ/Ϫ , 41%, 9 of 22; p ϭ 0.85, 2 test). Finally, 48% (10 of 21) of WT DRG neurons only produced one AP in the course of the current injection, i.e., they displayed a strong accommodation and were not able to produce repetitive AP firing. In contrast, only 3 of 22 (14%) examined DRG neurons from Slack Ϫ/Ϫ mice also failed to produce Ͼ1 AP (p ϭ 0.016, 2 test). Together, our data obtained by whole-cell voltage and current-clamp recordings imply that Slack channels generate a substantial fraction of the total K Na current in nonpeptidergic sensory neurons, and that they seem to regulate the pattern of AP firing in these neurons. Ϫ/Ϫ mice displayed similar pain thresholds compared with control littermates after applying light and intense noxious mechanical stimuli using the dynamic plantar and the Randall-Selitto tests, respectively (Fig. 5 A, B) . Similar responses in both genotypes also were observed after applying thermal stimuli in the tail-flick, 50 -54°C hot plate, and 0°C cold plate tests (Fig. 5C-E) . These data suggest Figure 5 . Basal sensitivity is normal in Slack Ϫ/Ϫ mice. A, B, Mechanical pain sensitivity was measured using the dynamic plantar (A; n ϭ 15-17/genotype) and the Randall-Selitto tests (B; n ϭ 8/genotype). C, D, Thermal heat pain sensitivity was assessed by tail-flick (C; n ϭ 8/genotype) and hot plate tests (D; n ϭ 14/genotype). E, Cold pain sensitivity was investigated on a 0°C cold plate (n ϭ 14/genotype). No significant differences were observed between Slack Ϫ/Ϫ and WT mice in any of these tests. that Slack channels are not involved in the processing of acute nociceptive pain.
Neuropathic pain behavior is increased in Slack mutant mice
We then examined the behavior of Slack Ϫ/Ϫ mice after SNI, a model of peripheral nerve injury-induced neuropathic pain that produces a pronounced, long-lasting mechanical hypersensitivity (Decosterd and Woolf, 2000; Bourquin et al., 2006) . Interestingly, as shown in Figure 6A , the extent of SNI-induced mechanical hypersensitivity was significantly increased in Slack Ϫ/Ϫ mice compared with WT mice ( p ϭ 0.0206; Fig. 6A ), suggesting that Slack modulates neuropathic pain processing in response to nerve injury. We then tested the behavior of Slack Ϫ/Ϫ mice in another model of neuropathic pain, in which mechanical hypersensitivity is induced by repeated intraperitoneal injection of the cytostatic drug paclitaxel (Nieto et al., 2008) . Similar to SNI, increased hindpaw hypersensitivity in Slack Ϫ/Ϫ mice did also occur after paclitaxel administration ( p ϭ 0.0212; Fig. 6B ). These data imply that Slack channels control neuropathic pain processing in vivo.
Neuropathic pain behavior is increased in sensory neuron-specific Slack mutants
We next investigated the specific contribution of Slack channels expressed in sensory neurons to neuropathic pain processing. For this purpose, we crossed mice carrying the floxed exon 11 of the Kcnt1 gene with SNS-Cre mice (Agarwal et al., 2004) , to obtain mice lacking Slack channels specifically in Na V 1.8-positive sensory neurons. In agreement with our observation that virtually all Slackpositive DRG neurons are also positive for Na V 1.8 (Fig. 7A) , the Cre/loxP-mediated deletion led to a nearly complete ablation of Slack expression in DRGs of the conditional knock-outs (referred to as SNS-Slack Ϫ/Ϫ mice; controls were referred to as SNS-Ctrl mice; Fig. 7B ). Slack expression was also reduced in the spinal cord of SNS-Slack Ϫ/Ϫ mice, in accordance to its localization in central terminals of sensory neurons in the dorsal horn ( Fig. 7C; compare with Fig. 3 ). In contrast, the Slack expression in the brain was similar between SNS-Slack Ϫ/Ϫ and SNS-Ctrl mice (Fig. 7C) , as expected (Agarwal et al., 2007; Lu et al., 2014) . We then analyzed the neuropathic pain behavior of SNS-Slack Ϫ/Ϫ mice after SNI. Notably, similar to the results obtained with the global Slack Ϫ/Ϫ mice, the SNIinduced mechanical hypersensitivity was significantly increased in SNS-Slack Ϫ/Ϫ mice compared with SNS-Ctrl mice ( p ϭ 0.0397; Fig. 7D ). These results demonstrate that Slack channels expressed in sensory neurons control the processing of persistent neuropathic pain.
Slack channel activation ameliorates neuropathic pain behavior
A previous study revealed that the sensitivity of Slack channels for the activation by Na ϩ can be modulated by NAD ϩ through a NAD ϩ binding site (Tamsett et al., 2009 . Intrathecal (i.t.) NAD ϩ ameliorates neuropathic pain in a Slack-dependent manner. Animals were subjected to SNI to induce neuropathic pain, and NAD ϩ was intrathecally administered 14 d thereafter. Time courses of paw-withdrawal latencies after mechanical stimulation (n ϭ 7-8/genotype). *p Ͻ 0.05, before NAD ϩ injection ("after SNI") versus after NAD ϩ injection in WT mice, repeated-measures ANOVA with Dunnett's post hoc test.
expected ( Fig. 8; compare with Fig. 6A) . Notably, the NAD ϩ administration significantly ameliorated the hypersensitivity in WT mice ( p ϭ 0.004) but did not affect the hypersensitivity in Slack Ϫ/Ϫ mice (Fig. 8) . These data point to NAD ϩ as an endogenous modulator of Slack channels during neuropathic pain processing.
We next analyzed the effects of the atypical antipsychotic drug loxapine on persisting neuropathic pain behavior. A recent study demonstrated that loxapine activates Slack channels (Biton et al., 2012) , in addition to its blocking activities at dopamine, serotonin, histamine, muscarinic, and adrenergic receptors (Chakrabarti et al., 2007) . Interestingly, systemic administration of a low dose of loxapine (0.175 mg/kg, i.p.), which did not impair the motor coordination in rotarod tests (data not shown), significantly alleviated the SNI-induced mechanical hypersensitivity in WT mice ( p Ͻ 0.0001; Fig. 9A ). In contrast, the paw hypersensitivity was not affected in Slack Ϫ/Ϫ mice (Fig. 9A) , indicating that the loxapine-induced analgesia depends on Slack. Administration of higher doses of loxapine (Ͼ0.35 mg/kg, i.p.) increased the paw-withdrawal latency in both genotypes, suggesting that additional mechanisms independent from Slack activation may affect the paw-withdrawal latency if higher loxapine doses were used. In contrast to loxapine, the neuropathic pain behavior of WT mice was not ameliorated by olanzapine (0.175 mg/kg, i.p.; Fig. 9B ), which has a similar pharmacological profile compared with loxapine but lacks Slack-activating properties (Biton et al., 2012) . The neuropathic pain behavior was, however, inhibited in both genotypes by pregabalin (60 mg/kg, i.p.; p Ͻ 0.0001; Fig. 9C ), which was used as a positive control. Moreover, the neuropathic pain behavior in WT mice was inhibited after oral administration of the anthelmintic drug niclosamide (200 mg/kg; data not shown), another Slack activator (Biton et al., 2012) . Together, these data implicate that Slack channel activators can ameliorate neuropathic pain once it has been already established.
Inflammatory pain behavior is normal in Slack mutant mice
We next investigated the inflammatory pain behavior in Slack Ϫ/Ϫ mice. In the 0.5% formalin test, we found no significant differences in formalin-induced paw-licking behavior between Slack Ϫ/Ϫ mice and WT littermates ( Fig. 10 A, B) . Similarly, the extent of mechanical hypersensitivity evoked by injection of zymosan into a hindpaw was indistinguishable between both genotypes (Fig. 10C) . Moreover, the zymosan-induced hypersensitivity, unlike the SNI-induced hypersensitivity, was not affected by intraperitoneal administration of 0.175 mg/kg loxapine (Fig.  10D ). These data suggest that Slack channels, despite their distinctive localization in IB4-positive sensory neurons, are not critically involved in the processing of inflammatory pain in vivo.
Discussion
We here demonstrate that Slack channels are distinctly expressed in a population of nociceptive sensory neurons where they are important for the generation of K Na currents and for firing of APs. Behavioral analysis of Slack Ϫ/Ϫ mice points to an important function of these channels in the control of neuropathic pain, but to a limited role in the processing of acute nociceptive or inflammatory pain.
K Na currents likely to be generated by Slack channels have previously been identified in mouse DRG neurons (Tamsett et al., 2009; Nuwer et al., 2010) . Our electrophysiological data from DRG neurons of WT and Slack Ϫ/Ϫ mice reveal Slack as an important molecule for the generation of K Na in IB4-positive DRG neurons, and that Slack is at least a contributing factor for the strong accommodation of AP firing, which has been previously observed in this neuronal subpopulation (Choi et al., 2007) . Despite electrophysiological evidence for an important function of Slack in sensory neurons, the relevance of Slack for pain process- Figure 9 . Loxapine ameliorates neuropathic pain in a Slack-dependent manner. A-C, Neuropathic pain was induced in WT and Slack Ϫ/Ϫ mice by SNI surgery. Fourteen days thereafter, animals were intraperitoneally injected with loxapine (A; n ϭ 12-13/genotype), olanzapine (B; n ϭ 7-8/genotype), or pregabalin (C; n ϭ 7/genotype), and the mechanical paw-withdrawal latencies were assessed over 6 h. Note that loxapine inhibited the neuropathic pain behavior in WT but not in Slack Ϫ/Ϫ mice, whereas olanzapine did not affect the pain behavior in both genotypes. Pregabalin was used as a positive control. * # p Ͻ 0.05, before drug injection ("after SNI") versus after drug injection in WT and Slack Ϫ/Ϫ mice, respectively; repeated-measures ANOVA with Bonferroni's post hoc test.
ing in vivo remained elusive, in particular due to their requirement for high concentrations of intracellular Na ϩ to activate. In fact, the normal resting level of intracellular Na ϩ in neurons lies between 4 and 15 mM (Rose, 2002) , whereas the half-maximal effective concentration (EC 50 ) for Na ϩ activation of Slack channels in excised patch recordings ranges between 40 and 75 mM Yuan et al., 2003; Huang et al., 2013) . It is therefore plausible that additional factors are required to allow Slack channels to operate in their native environment in response to physiological relevant levels of intracellular Na ϩ . Our behavioral analysis demonstrated that Slack contributes to the processing of neuropathic pain after SNI and paclitaxel injection. The SNI model is produced by transection of two branches of the sciatic nerve, resulting in prolonged mechanical hypersensitivity in the skin area of the intact third branch (the sural nerve in our experiments). SNI induces many changes in the peripheral nerve system and at the level of the spinal cord dorsal horn (Basbaum et al., 2009) . So far, identified peripheral mechanisms include transganglionic degenerative atrophy of the nerve terminals of primary afferents (Shields et al., 2003) , dysmyelination of peripheral nerves (Kallenborn-Gerhardt et al., 2012) , and recruitment of immune cells to the lesion site and to DRGs (Scholz and Woolf, 2007; Ellis and Bennett, 2013) . Similarly, systemic delivery of paclitaxel causes changes in peripheral nerves and in the spinal cord. These various changes contribute to the induced mechanical hypersensitivity (for review, see . Peripheral mechanisms include, for example, loss of peripheral nerve fibers in epidermis (Siau et al., 2006 ; C. C. , impairment of axonal transport and mitochondria function in primary afferent neurons (Flatters and Bennett, 2006) , and infiltration of macrophages into peripheral nerves and DRGs (Peters et al., 2007) . As Slack channels are selectively expressed in the IB4-binding population of primary afferents, our data implicate a contribution of this cell population to neuropathic pain induced by peripheral nerve injury and paclitaxel injection. This finding is supported by an earlier observation that mechanical hypersensitivity after peripheral nerve injury is reduced when the IB4-binding population is deleted by injection of IB4 conjugated to the toxin saporin (Tarpley et al., 2004) .
We here provide several lines of evidence that manipulation of Slack, either by knock-out or by pharmacological agents, selectively influences the animal behaviors in response to a neuropathic pain stimulus. First, the pain behavior in Slack Ϫ/Ϫ mice was increased after SNI or paclitaxel injection, but not in models of inflammatory pain (formalin and zymosan) or acute nociceptive pain (dynamic plantar, Randall-Selitto, tail flick, hot plate, and cold plate). Second, increased neuropathic pain behavior was also observed after conditional knock-out of Slack channels in sensory neurons. As significant differences between groups occurred at later stages in the sensory neuron-specific knock-outs compared with the global knock-outs (21 vs 11 d after SNI), it seems possible that Slack channels expressed in the CNS might also contribute to neuropathic pain processing. Third, the Slack channel opener loxapine (0.175 mg/kg, i.p.) ameliorated neuropathic but not inflammatory pain behavior. The fact that such a low dose of loxapine was effective further points to additional factors that sensitize Slack channels in neuropathic pain conditions, given that the EC 50 of loxapine to open recombinant Slack channels in cell culture is relatively high (3.5 M; Biton et al., 2012).
One putative factor that might sensitize Slack channels during neuropathic pain processing is the metabolic coenzyme NAD ϩ . Ϫ/Ϫ and WT mice. B, Statistical analyses revealed no significant differences in the first (1-10 min) and the second (11-45 min) phase of paw licking (n ϭ 6/genotype). C, Zymosan model. Paw-withdrawal latencies after mechanical stimulation after injection of zymosan into a hindpaw did not differ between genotypes (n ϭ 7-8/genotype). D, The zymosan-induced mechanical hypersensitivity in WT mice was not affected by intraperitoneal administration of the Slack channel opener loxapine (0.175 mg/kg) 3 h after zymosan injection (n ϭ 8/genotype).
